Introduction
============

Vulvovaginal candidiasis is common in pregnant women.[@ref1] For women with uncomplicated vulvovaginal candidiasis, the recommended treatment is a short course of topical antifungal agents or one 150 mg dose of oral fluconazole.[@ref2] [@ref3] Although topical antifungal treatment is available over the counter in many countries, oral fluconazole is often preferred by patients because of the convenience of taking one oral dose.[@ref4] [@ref5]

Oral fluconazole given in the first trimester of pregnancy has steadily increased over time, from 1.1% in 2000 to 2.6% in 2014 in the United States (eFigure 1).[@ref6] In vitro and in vivo studies in rodents suggest that high doses of fluconazole can be embryotoxic and teratogenic, causing cleft palate and skeletal abnormalities.[@ref7] [@ref8] [@ref9] [@ref10] Case reports also suggest a potential teratogenic effect in humans associated with long term use of high dose (≥400 mg/day) fluconazole during pregnancy. The malformations have a distinct phenotype, including femoral bowing, thin ribs, cleft palate, and abnormal craniofacial ossification.[@ref11] [@ref12] [@ref13] Several controlled studies have examined the risk of congenital malformations associated with the use of fluconazole for the treatment of vulvovaginal candidiasis during the first trimester but findings are inconsistent.[@ref14] [@ref15] [@ref16] [@ref17] [@ref18] [@ref19] Although early studies reported no increased risks of congenital malformations overall,[@ref14] [@ref15] [@ref16] [@ref20] more recent studies reported increased risks for specific malformations based on small numbers of women exposed to fluconazole, including a threefold increased risk of tetralogy of Fallot (seven affected infants in the exposed group),[@ref17] a sevenfold increased risk of d-transposition of the great arteries (three affected infants in the exposed group),[@ref18] and a fivefold increased risk of cleft lip with cleft palate (six affected infants in the exposed group).[@ref18] These increased risks for specific malformations have not been replicated across studies, possibly because of random variability, given the small sample size and multiple testing,[@ref14] [@ref15] [@ref16] [@ref17] [@ref18] residual confounding,[@ref14] [@ref15] [@ref16] [@ref17] [@ref18] or recall bias[@ref18] in previous studies. The risk of musculoskeletal malformations could not be estimated or was inconclusive given the wide confidence intervals in the existing literature owing to limited power.[@ref16] [@ref17] [@ref19] The safety of fluconazole at commonly used doses for the treatment of vulvovaginal candidiasis is thus largely undefined (eTable 1).

In a large national cohort of publicly insured pregnant women, we aimed to examine the risk of congenital malformations associated with exposure to oral fluconazole at commonly used doses for the treatment of vulvovaginal candidiasis (typically 150-600 mg), with a specific focus on malformation types suggested to be associated with its use: musculoskeletal malformations, oral clefts, and conotruncal malformations (including tetralogy of Fallot and d-transposition of the great arteries).

Methods
=======

Data source and study population
--------------------------------

We conducted a cohort study with data from the nationwide Medicaid Analytic eXtract (MAX) from 2000 to 2014, which were the most recent data available at the time of the study. The MAX comprises a set of patient level files with information on patients' Medicaid enrollment, demographics, diagnoses, and procedures at all outpatient and inpatient settings, and dispensing records for outpatient prescription drugs for reimbursement. Within the MAX, a pregnancy cohort has been established with the family identification number shared by beneficiaries to link mothers and their infants,[@ref21] [@ref22] which has been used extensively to study the safety of drug treatments in pregnancy.[@ref23] [@ref24] [@ref25] [@ref26] [@ref27] [@ref28] We identified pregnant women aged 12-55 who were continuously enrolled in Medicaid from three or more months before the last menstrual period to one or more months after delivery, and liveborn infants enrolled from birth to three or more months afterwards, unless they died sooner.[@ref29]

Exclusions were pregnancies with a chromosomal abnormality or exposure to a known teratogenic drug during the first trimester; an inpatient diagnosis of a fungal infection between 90 days before the last menstrual period (baseline) and the end of the first trimester (because inpatient treatment is not captured in MAX, which could lead to misclassification of exposure); diagnoses of oropharyngeal or esophageal candidiasis, cryptococcal meningitis, or systemic candidiasis during the baseline and first trimester (because we were interested in the safety of fluconazole at commonly used therapeutic doses for vulvovaginal candidiasis); and diagnoses of HIV infection, malignancy, or transplant during the baseline and first trimester (because fluconazole is used for prophylaxis in immunocompromised patients).

Exposure and reference groups
-----------------------------

We identified pregnant women as exposed to fluconazole if they filled one or more prescriptions for fluconazole during the first trimester and had no dispensing for other oral antifungal agents between 90 days before the last menstrual period and the end of the first trimester. The first reference group was pregnant women who filled one or more prescriptions for topical azoles during the first trimester, with no dispensing for oral antifungal agents during baseline and the first trimester. We selected topical azoles (including butoconazole, clotrimazole, miconazole, terconazole, tioconazole, and nystatin) as a primary reference group to reduce the risk of confounding by indication and other potential unmeasured confounders. Topical azoles are considered safe owing to minimal systemic absorption and are recommended for the treatment of vulvovaginal candidiasis during pregnancy.[@ref1] [@ref2] [@ref3] [@ref30] [@ref31] [@ref32] [@ref33] [@ref34] Pregnancies with prescriptions for oral antifungal drugs other than fluconazole were excluded because they might also be teratogenic (eTable 2).[@ref4] [@ref35] [@ref36] The second reference group was women with no prescriptions for oral antifungal agents during the baseline and first trimester periods.

We further classified women exposed to fluconazole into three cumulative dose groups: 150 mg, more than 150 mg up to 450 mg, and more than 450 mg (during the first trimester), according to the common initial doses for the treatment of uncomplicated (one 150 mg dose) and recurrent (100-200 mg dose for three doses) vulvovaginal candidiasis.[@ref2] [@ref3]

Congenital malformations
------------------------

The primary outcomes were musculoskeletal malformations, oral clefts, and conotruncal malformations, based on prior evidence suggesting a possible association with fluconazole.[@ref11] [@ref12] [@ref13] [@ref17] [@ref18] Secondary outcomes included subgroups of musculoskeletal malformations, oral clefts, and conotruncal malformations, and congenital malformations overall and cardiac malformations overall. In exploratory analyses, we also examined the risks of other organ specific malformations.

Malformations were identified with highly specific algorithms (that is, with high positive predictive values) based on inpatient and outpatient diagnoses and procedure codes from ICD-9-CM (international classification of diseases, 9th revision, clinical modification), in the maternal and infant records within the first month and three months after delivery, respectively (eTable 3).[@ref37] [@ref38] Maternal claims within the first month after delivery were included because infant claims are sometimes recorded under the mother's name if the infant's Medicaid coverage is not activated immediately after birth.[@ref39] Starting from previously validated algorithms based on one inpatient diagnosis code (positive predictive value of 75% for cardiac malformations, 65% for musculoskeletal malformations, and 93% for oral clefts),[@ref38] we aimed to further improve the specificity by requiring an ICD-9-CM diagnosis recorded for the specific malformation on more than one date, a diagnosis on one date and a relevant surgery or procedure code, or a diagnosis on one date and death of the infant within 90 days of birth.

Covariates
----------

Potential confounders, proxies for confounders, and risk factors for the outcome included maternal age at delivery, delivery year, race/ethnicity, region, multiple gestation, vaginal candidiasis (treatment indication), related conditions (other superficial or mucosal candidiasis, other candidiasis, other fungal or non-fungal infections, urinary tract infections), other maternal conditions (alcohol abuse or dependence, tobacco use, drug abuse or dependence, chronic renal disease, obesity or overweight, pre-existing hypertension, and diabetes), concomitant drug use (oral antibiotics, immunosuppressive agents, antidiabetic drugs, insulin, and suspected teratogens), general markers of disease burden (that is, the Obstetric Comorbidity Index),[@ref40] number of distinct prescriptions for drugs other than antifungal agents, number of distinct diagnoses, visits to the outpatient department, number of admissions to hospital, and visits to the emergency department.[@ref41] We measured vaginal candidiasis, related conditions, other maternal conditions, and concomitant drug treatments from 90 days before the last menstrual period to the end of the first trimester, and general markers of disease burden from 90 days before the last menstrual period to the last menstrual period, to avoid adjusting for intermediate variables on the causal pathway.

Analyses
--------

We calculated absolute risks, risk differences, and relative risks with 95% confidence intervals for each outcome. We first compared pregnancies exposed to fluconazole with pregnancies not exposed to fluconazole. We then restricted the reference group to women who filled a prescription for topical azoles during the first trimester because they are likely to be more comparable with the group exposed to fluconazole than the group not exposed (main analysis). As a further adjustment, we accounted for all covariates described above by stratification of the propensity score. We estimated the propensity score for fluconazole versus users of topical azoles with logistic regression and excluded observations from the non-overlapping regions of the propensity score distributions. Specifically, we created 50 equally sized propensity score groups based on the distribution in the pregnancies exposed to fluconazole, and weighted the pregnancies in the reference group by the distribution of the treated pregnancies in the propensity score groups in the outcome models.[@ref42] Thus extreme weights owing to propensity scores that are close to 0 or 1 are unlikely; an important strength in this circumstance where the prevalence of exposure during the first trimester is low.[@ref43] To examine the covariate balance between groups, we calculated the standardized mean differences: a value of less than 0.1 for a covariate was considered as well balanced. Relative risks and risk differences were estimated with generalized linear regression models (PROC GENMOD in SAS, SAS Institute). The same approach was used for analyses by cumulative dose. The unit of analysis was pregnancy. Accounting for correlations in mothers with multiple pregnancies with the robust variance estimator did not change the confidence intervals appreciably, and so correlation structures were omitted from the analyses.

Sensitivity analyses
--------------------

We conducted sensitivity analyses to test the robustness of our findings. First, to evaluate the risk associated with treatment of uncomplicated vulvovaginal candidiasis, we redefined exposure as filling only one prescription for 150 mg of fluconazole. Second, because patients might not consume the dispensed drugs, we required two or more fluconazole prescriptions dispensed during the first trimester, assuming that if two prescriptions were filled, the drug was more likely to be taken. Third, to evaluate the effect of potentially missing late diagnoses of outcomes, we extended follow-up of infants to one year. Fourth, as a negative control analysis, we assessed the risk of congenital malformations in women who filled their first fluconazole prescription in gestational weeks 16-28 (after the presumed etiologically relevant window). Presuming that there would be no true effect or defects if fluconazole was used in the second trimester, any association suggesting an increased risk in this analysis would be indicative of residual confounding. The propensity score was re-estimated in all sensitivity analyses that affected the definition of exposure. Finally, because the cohort included live births only, we quantified the potential impact of differential pregnancy losses in the fluconazole and topical azoles groups within levels of covariates with methods described previously (eTable 15).[@ref23]

Patient and public involvement
------------------------------

No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for design or implementation of the study. No patients were asked to advise on interpretation or writing up of results. There are no plans to disseminate the results of the research to study participants or the relevant patient community.

Results
=======

The cohort of 1 969 954 pregnancies (1.9% multiple pregnancies) included 37 650 (1.9%) pregnancies exposed to oral fluconazole and 82 090 (4.2%) pregnancies exposed to topical azoles during the first trimester (eTable 2). Compared with pregnancies not exposed to fluconazole, women in the fluconazole group were more likely to be black, have a diagnosis of vulvovaginal candidiasis and other infections, be overweight or obese and have pre-existing hypertension and diabetes, use other drugs, and use healthcare facilities more often. Patient characteristics between the fluconazole group and the topical azole groups were more similar (including vulvovaginal candidiasis, related conditions, other comorbidities, concomitant drug treatments, and healthcare use) than those between the fluconazole group and the unexposed group. After weighting of the propensity score within each group, prespecified covariates were well balanced between the groups, with a standardized difference of less than 0.1 for all covariates ([table 1](#tbl1){ref-type="table"}).

###### 

Selected cohort characteristics of pregnancies exposed or not exposed to oral fluconazole during the first trimester in Medicaid Analytic eXtract 2000-14

  Characteristic                                                        Unadjusted (n=1 912 907)                    Unadjusted (n=119 740)      Adjusted (n=119 736)                                                              
  --------------------------------------------------------------------- -------------------------- ---------------- ------------------------ -- ---------------------- --------------- ------- -- --------------- --------------- -------
  Total                                                                 37 650                     1 875 257        ---                         37 650                 82 090          ---        37 649          82 087          ---
  Age (mean (SD))                                                       25.0 (5.6)                 24.4 (5.9)       0.11                        25.0 (5.6)             24.8 (5.9)      0.00       25.0 (5.6)      25.0 (5.9)      0.01
  Race/ethnicity†                                                                                                                                                                                                                 
   White                                                                14 624 (38.8)              734 166 (39.2)   −0.01                       14 624 (38.8)          26 377 (32.1)   0.14       14 623 (38.8)   32 295 (39.3)   −0.01
   Black                                                                16 651 (44.2)              595 062 (31.7)   0.26                        16 651 (44.2)          30 196 (36.8)   0.15       16 651 (44.2)   35 782 (43.6)   0.01
   Hispanic                                                             3260 (8.7)                 301 121 (16.1)   −0.23                       3260 (8.7)             14 970 (18.2)   −0.28      3260 (8.7)      7277 (8.9)      −0.01
   Other or unknown                                                     3115 (8.3)                 244 908 (13.1)   −0.16                       3115 (8.3)             10 547 (12.8)   −0.15      3115 (8.3)      6732 (8.2)      0.00
  Treatment indications and related conditions                                                                                                                                                                                    
   Vaginal candidiasis                                                  7302 (19.4)                35 097 (1.9)     0.59                        7302 (19.4)            10 956 (13.3)   0.16       7301 (19.4)     16 304 (19.9)   −0.01
   Urinary tract infections                                             9885 (26.3)                248 487 (13.3)   0.33                        9885 (26.3)            16 917 (20.6)   0.13       9885 (26.3)     21 481 (26.2)   0.00
   Other superficial/mucosal candidiasis                                59 (0.2)                   297 (0.0)        0.05                        59 (0.2)               113 (0.1)       0.01       59 (0.2)        122 (0.1)       0.00
   Other candidiasis                                                    656 (1.7)                  2224 (0.1)       0.17                        656 (1.7)              978 (1.2)       0.05       656 (1.7)       1441 (1.8)      0.00
   Other fungal infections                                              379 (1.0)                  6898 (0.4)       0.08                        379 (1.0)              3126 (3.8)      −0.18      379 (1.0)       979 (1.2)       −0.02
   Other non-fungal infections                                          10 608 (28.2)              278 541 (14.9)   0.33                        10 608 (28.2)          17 545 (21.4)   0.16       10 607 (28.2)   23 373 (28.5)   −0.01
  Other maternal conditions                                                                                                                                                                                                       
   Alcohol abuse or dependence                                          372 (1.0)                  13 437 (0.7)     0.03                        372 (1.0)              601 (0.7)       0.03       372 (1.0)       810 (1.0)       0.00
   Tobacco use                                                          2042 (5.4)                 66 448 (3.5)     0.09                        2042 (5.4)             2634 (3.2)      0.11       2042 (5.4)      4599 (5.6)      −0.01
   Drug abuse or dependence                                             1012 (2.7)                 37 143 (2.0)     0.05                        1012 (2.7)             1562 (1.9)      0.05       1012 (2.7)      2194 (2.7)      0.00
   Chronic renal disease                                                74 (0.2)                   1850 (0.1)       0.03                        74 (0.2)               97 (0.1)        0.02       74 (0.2)        165 (0.2)       0.00
   Obesity or overweight                                                1577 (4.2)                 42 610 (2.3)     0.11                        1577 (4.2)             2560 (3.1)      0.06       1577 (4.2)      3409 (4.2)      0.00
   Pre-existing hypertension                                            1738 (4.6)                 40 889 (2.2)     0.14                        1738 (4.6)             2458 (3.0)      0.09       1738 (4.6)      3806 (4.6)      0.00
   Pre-gestational diabetes                                             1644 (4.4)                 28 306 (1.5)     0.17                        1644 (4.4)             2392 (2.9)      0.08       1643 (4.4)      3643 (4.4)      0.00
  Concomitant drug use                                                                                                                                                                                                            
   Oral antibiotics                                                     24 659 (65.5)              568 712 (30.3)   0.75                        24 659 (65.5)          43 267 (52.7)   0.26       24 658 (65.5)   53 819 (65.6)   0.00
   Immunosuppressive drugs                                              1764 (4.7)                 38 843 (2.1)     0.15                        1764 (4.7)             3223 (3.9)      0.04       1764 (4.7)      3789 (4.6)      0.00
   Antidiabetic drugs                                                   1058 (2.8)                 15 233 (0.8)     0.15                        1058 (2.8)             1336 (1.6)      0.08       1057 (2.8)      2347 (2.9)      0.00
   Insulin                                                              1084 (2.9)                 14 420 (0.8)     0.16                        1084 (2.9)             1485 (1.8)      0.07       1084 (2.9)      2438 (3.0)      −0.01
   Suspected teratogenic drugs‡                                         3549 (9.4)                 63 349 (3.4)     0.25                        3549 (9.4)             4706 (5.7)      0.14       3548 (9.4)      7934 (9.7)      −0.01
  Measures of healthcare use (mean (SD))                                                                                                                                                                                          
   Obstetric Morbidity Index                                            1.1 (1.6)                  0.9 (1.4)        0.16                        1.1 (1.6)              1.0 (1.5)       0.10       1.1 (1.6)       1.1 (1.6)       0.00
   No of outpatient visits                                              3.1 (4.5)                  1.9 (3.5)        0.28                        3.1 (4.5)              2.4 (3.6)       0.18       3.1 (4.5)       3.1 (4.5)       −0.01
   No of emergency department visits                                    0.5 (1.0)                  0.3 (0.8)        0.17                        0.5 (1.0)              0.4 (0.9)       0.11       0.5 (1.0)       0.5 (1.0)       0.00
   No of distinct diagnoses                                             4.2 (3.9)                  2.6 (3.2)        0.45                        4.2 (3.9)              3.2 (3.4)       0.27       4.2 (3.9)       4.2 (3.9)       0.00
   No of distinct prescriptions for drugs other than antifungal drugs   3.0 (3.2)                  1.6 (2.3)        0.52                        3.0 (3.2)              2.2 (2.7)       0.29       3.0 (3.2)       2.9 (3.0)       0.02

SD=standard deviation.

Percentages might not total 100 because of rounding. For simplicity, most clinically relevant characteristics are listed (see eTable 4 for complete baseline table).

Race/ethnicity was determined based on information submitted to the Centers for Medicare and Medicaid Services by individual states, based on information collected and coded from Medicaid applications.

Suspected teratogenic drugs include methimazole, danazol, propylthiouracil, aminoglycosides, folic acid antagonists, potassium iodide, and tetracycline.

Risk of congenital malformations
--------------------------------

The risk of musculoskeletal malformations was 52.1 (95% confidence interval 44.8 to 59.3) per 10 000 pregnancies exposed to fluconazole versus 38.0 (37.1 to 38.9) per 10 000 pregnancies not exposed to fluconazole, corresponding to an unadjusted relative risk of 1.37 (1.19 to 1.58). The risk in pregnancies exposed to topical azoles was 37.3 (33.1 to 41.4) per 10 000 pregnancies. Comparing oral fluconazole with topical azoles resulted in an unadjusted relative risk of 1.40 (1.17 to 1.67). After adjustment for all confounding variables, the relative risk compared with topical azoles was 1.30 (1.09 to 1.56) and the risk difference was 12.15 (3.69 to 20.60) per 10 000 pregnancies.

The risk of conotruncal malformations was 9.6 (95% confidence interval 6.4 to 12.7) per 10 000 pregnancies exposed to fluconazole, 7.5 (7.1 to 7.9) per 10 000 pregnancies not exposed to fluconazole, and 8.3 (6.3 to 10.3) per 10 000 pregnancies exposed to topical azoles. The unadjusted relative risk for use of fluconazole was 1.27 (0.91 to 1.77) versus pregnancies not exposed, and 1.15 (0.77 to 1.73) versus pregnancies exposed to topical azoles. The adjusted relative risk versus exposed to topical azoles was 1.04 (0.70 to 1.55), corresponding to an adjusted risk difference of 0.37 (−3.40 to 4.12) per 10 000 pregnancies.

For oral clefts, the absolute risks were 9.3 (95% confidence interval 6.2 to 12.4), 11.8 (11.3 to 12.2), and 10.6 (8.4 to 12.8) per 10 000 pregnancies exposed to fluconazole, not exposed to fluconazole, and exposed to topical azoles, respectively. The unadjusted relative risk versus pregnancies not exposed to fluconazole was 0.79 (0.57 to 1.10). The relative risks versus pregnancies exposed to topical azoles were 0.88 (0.59 to 1.30) in unadjusted analyses and 0.91 (0.61 to 1.35) in adjusted analyses, with an adjusted risk difference of −0.90 (−4.70 to 2.88) per 10 000 pregnancies ([table 2](#tbl2){ref-type="table"}, [fig 1](#f1){ref-type="fig"}, [fig 2](#f2){ref-type="fig"}, and eTable 5).

###### 

Absolute risks of congenital malformations in infants born to mothers exposed or not exposed to fluconazole during the first trimester in Medicaid Analytic eXtract 2000-14

  Outcome                                                       Pregnancies exposed to fluconazole (n=37 650)                            Pregnancies not exposed (n=1 875 257)            Pregnancies exposed to topical or vaginal azoles (n=82 090)              
  ------------------------------------------------------------- ----------------------------------------------- ------------------------ --------------------------------------- -------- ------------------------------------------------------------- -- ------- ------------------------
  **Primary outcomes**                                                                                                                                                                                                                                             
  Musculoskeletal malformations                                 196                                             52.1 (44.8 to 59.3)                                              7129     38.0 (37.1 to 38.9)                                              306     37.3 (33.1 to 41.4)
  Conotruncal malformations                                     36                                              9.6 (6.4 to 12.7)                                                1412     7.5 (7.1 to 7.9)                                                 68      8.3 (6.3 to 10.3)
  Oral cleft                                                    35                                              9.3 (6.2 to 12.4)                                                2204     11.8 (11.3 to 12.2)                                              87      10.6 (8.4 to 12.8)
  **Secondary outcomes**                                                                                                                                                                                                                                           
  Cardiac overall                                               396                                             105.2 (94.9 to 115.5)                                            16 192   86.3 (85.0 to 87.7)                                              761     92.7 (86.2 to 99.3)
  Malformations overall                                         1458                                            387.3 (367.8 to 406.7)                                           61 633   328.7 (326.1 to 331.2)                                           2,840   346.0 (333.5 to 358.5)
  Musculoskeletal malformation subgroups                                                                                                                                                                                                                           
   Deformities of skull, face, and jaw                          72                                              19.1 (14.7 to 23.5)                                              2600     13.9 (13.3 to 14.4)                                              103     12.5 (10.1 to 15.0)
   Congenital genu recurvatum and bowing of long bones of leg   \<11                                            1.9 (0.5 to 3.2)                                                 160      0.9 (0.7 to 1.0)                                                 \<11    1.1 (0.4 to 1.8)
   Deformities of feet                                          87                                              23.1 (18.3 to 28.0)                                              3279     17.5 (16.9 to 18.1)                                              150     18.3 (15.4 to 21.2)
   Deformities of spine                                         16                                              4.2 (2.2 to 6.3)                                                 508      2.7 (2.5 to 2.9)                                                 20      2.4 (1.4 to 3.5)
   Dystrophic growth of the bone and dysplasia                  \<11                                            2.1 (0.7 to 3.6)                                                 252      1.3 (1.2 to 1.5)                                                 11      1.3 (0.6 to 2.1)
   Other anomalies of ribs and sternum                          \<11                                            0.8 (−0.1 to 1.7)                                                65       0.3 (0.3 to 0.4)                                                 \<11    0.6 (0.1 to 1.1)
   Other anomalies of musculoskeletal system                    \<11                                            2.1 (0.7 to 3.6)                                                 254      1.4 (1.2 to 1.5)                                                 16      1.9 (1.0 to 2.9)
   Other specified congenital anomalies of muscle tendon        \<11                                            0.5 (−0.2 to 1.3)                                                89       0.5 (0.4 to 0.6)                                                 \<11    0.4 (0.0 to 0.8)
  Conotruncal malformations                                                                                                                                                                                                                                        
   Tetralogy of Fallot                                          18                                              4.8 (2.6 to 7.0)                                                 655      3.5 (3.2 to 3.8)                                                 41      5.0 (3.5 to 6.5)
   Transposition of great vessels                               19                                              5.0 (2.8 to 7.3)                                                 718      3.8 (3.6 to 4.1)                                                 25      3.0 (1.9 to 4.2)
  Oral clefts                                                                                                                                                                                                                                                      
   Cleft palate                                                 18                                              4.8 (2.6 to 7.0)                                                 1094     5.8 (5.5 to 6.2)                                                 43      5.2 (3.7 to 6.8)
   Cleft lip                                                    14                                              3.7 (1.8 to 5.7)                                                 683      3.6 (3.4 to 3.9)                                                 29      3.5 (2.3 to 4.8)
   Cleft palate with cleft lip                                  13                                              3.5 (1.6 to 5.3)                                                 1042     5.6 (5.2 to 5.9)                                                 35      4.3 (2.9 to 5.7)

Estimates are based on the entire cohort (before trimming observations from the non-overlapping regions of the propensity score distributions). Cell sizes less than 11 are suppressed according to the cell size suppression policy of the Centers for Medicare and Medicaid Services.

![Risk of congenital malformations in infants after exposure to fluconazole during the first trimester in Medicaid Analytic eXtract 2000-14: primary outcomes in main analyses. Accounting for correlations within mothers with multiple pregnancies using robust variance estimator did not change the confidence intervals appreciably, and so correlation structures were omitted from all analyses](zhuy053156.f1){#f1}

![Risk of congenital malformations in infants after exposure to fluconazole during the first trimester in Medicaid Analytic eXtract 2000-14: secondary outcomes in main analyses. Results of other subgroups of musculoskeletal malformations with less than 11 outcomes in pregnancies exposed to fluconazole are presented in eTable 5. Accounting for correlations within mothers with multiple pregnancies using robust variance estimator did not change the confidence intervals appreciably, and so correlation structures were omitted from all analyses](zhuy053156.f2){#f2}

For the secondary outcomes, the adjusted relative risks versus topical azoles were 1.00 (0.94 to 1.06) for congenital malformations overall and 0.98 (0.87 to 1.10) for cardiovascular malformations overall. The numbers in the musculoskeletal malformation subgroups for pregnancies exposed to fluconazole were small (\<11) for five out of the eight subgroups. The adjusted relative risk estimates versus topical azoles were increased for all subgroups except for other anomalies of the ribs and sternum, ranging from 1.12 to 4.29, although the associations were imprecisely estimated. The adjusted relative risk was 0.79 (0.46 to 1.35) for tetralogy of Fallot and 2.01 (1.08 to 3.75) for transposition of great vessels based on 19 infants in the group exposed to fluconazole. The adjusted relative risks versus topical azoles for cleft palate, cleft lip, or cleft palate with cleft lip were 0.97 (0.56 to 1.69), 1.23 (0.64 to 2.37), and 0.83 (0.44 to 1.58), respectively ([fig 2](#f2){ref-type="fig"} and eTable 5).

In exploratory analyses, the other organ specific malformations generally did not show a strong increased risk although the confidence intervals for some were wide because of limited numbers (eTable 5).

Analyses according to fluconazole dose groups
---------------------------------------------

For pregnancies exposed to fluconazole, 24 755 (65.8%) had a cumulative dose of 150 mg, 10 416 (27.7%) had a dose of more than 150 mg up to 450 mg, and 2109 (5.6%) had a dose of more than 450 mg (highest cumulative dose included: 6000 mg) during the first trimester. Compared with topical azoles, the increase in the risk of musculoskeletal malformations was greatest for the group of pregnancies with a cumulative dose of more than 450 mg (adjusted relative risk 1.98 (95% confidence interval 1.23 to 3.17) for the \>450 mg group, 1.29 (1.05 to 1.58) for the 150 mg group, and 1.24 (0.93 to 1.66) for the \>150-450 mg group). For conotruncal malformations, with fewer than 11 exposed pregnancies in the more than 450 mg dose group, the relative risk was 2.30 (0.93 to 5.65) compared with topical azoles. The upper limit of the 95% confidence interval corresponded to an adjusted risk difference of 34 incidents per 10 000 exposed pregnancies. In contrast, for oral clefts, no evidence of an increased risk was found in the group of pregnancies with a cumulative dose of more than 450 mg ([fig 3](#f3){ref-type="fig"}, [fig 4](#f4){ref-type="fig"}, eTable 9). A higher risk for secondary and exploratory outcomes was not found for pregnancies in the groups with higher doses of fluconazole, although the data were sparse (eTable 9).

![Risk of congenital malformations in infants after exposure to fluconazole during the first trimester in Medicaid Analytic eXtract 2000-14: unadjusted associations in sensitivity analyses. Cell sizes less than 11 are suppressed according to the cell size suppression policy of the Centers for Medicare and Medicaid Services. Accounting for correlations within mothers with multiple pregnancies using robust variance estimator did not change the confidence intervals appreciably, and so correlation structures were omitted from all analyses](zhuy053156.f3){#f3}
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Sensitivity analyses
--------------------

After fine stratification weighting of the propensity score, prespecified covariates were well balanced between the groups in all of the sensitivity analyses (eTables 4 and eTables 6-8). The results of restricting the fluconazole group to pregnancies with one 150 mg prescription were consistent with the main analyses. Associations did not strengthen with two or more prescriptions. The overall findings were not affected when we determined the outcomes during the first year of life. In the negative control analyses, we no longer observed an increased risk for musculoskeletal malformations, or an increased risk for the other primary or secondary outcomes, except for transposition of great vessels ([fig 3](#f3){ref-type="fig"}, [fig 4](#f4){ref-type="fig"}, and eTables 10-14). The absolute risk of transposition of great vessels in the topical azole group was lower than that in the group not exposed (3.0 (95% confidence interval 1.9 to 4.2) *v* 3.8 (3.6 to 4.1) per 10 000 pregnancies, [table 2](#tbl2){ref-type="table"}). We therefore observed an increased incidence of the transposition of great vessels for the group exposed to fluconazole relative to the group exposed to topical azoles in the main analyses and in the negative control analyses but not in the group who were not exposed (eTable 5 and eTable 12).

In the most extreme scenario that we considered, to quantify the impact of selection bias owing to restriction to live births, where we assumed at least 45% non-live births in infants with malformations exposed to topical azoles and 65% non-live births in infants with malformations exposed to oral fluconazole, the relative risk estimate for musculoskeletal malformations would shift from 1.30 to 1.50 (eFigure 2), whereas the relative risk would remain below 1.25 for conotruncal malformations (eFigure 3) and oral clefts (eFigure 4).

Discussion
==========

Principal findings
------------------

In this large nationwide cohort of pregnant women insured by Medicaid, we found no association between oral fluconazole use overall during the first trimester of pregnancy at common therapeutic doses and the risk of conotruncal malformations or oral clefts after controlling for potential confounding. We observed an increased risk of musculoskeletal malformations, however, with a 30% increased risk at cumulative doses of 150 mg and cumulative doses of more than 150 mg up to 450 mg, and an almost twofold increased risk for cumulative doses more than 450 mg, corresponding to about 20 and 80 excess incidents, respectively, per 10 000 live births exposed to fluconazole in the womb, based on the upper limit of the 95% confidence interval.

Comparison with other studies
-----------------------------

Case reports have suggested a distinct phenotype of congenital malformations attributable to exposure to high doses (400-800 mg/day) of fluconazole prenatally.[@ref11] [@ref12] [@ref13] [@ref44] In 2011, the United States Food and Drug Administration (FDA) issued a drug safety communication about fluconazole at high doses for indications other than vulvovaginal candidiasis and birth defects, highlighting the lack of well controlled studies examining the risk of one 150 mg dose for vulvovaginal candidiasis and the limited power of existing studies to detect an increase in the risk of rare birth defects (eTable 1, studies 1-3).[@ref4] [@ref14] [@ref15] [@ref16] [@ref45] Whether exposure to fluconazole at common therapeutic doses for vulvovaginal candidiasis led to an increased risk of specific congenital malformations was unclear.

The increased risk of musculoskeletal malformations, that we observed, associated with exposure to fluconazole at common therapeutic doses during the first trimester, aligns with the patterns of malformations reported in previous case reports at high doses, summarized by the FDA.[@ref11] [@ref12] [@ref13] Studies in rodent embryos showed that exposure to fluconazole was associated with fusion of the branchial arches and hypoplasia of the first or second branchial arch, a series of externally visible anterior tissue bands under the early brain that give rise to the craniofacial skeletal structures and musculature.[@ref8] [@ref9] Previous studies might have been unable to detect this increased risk, probably because of an insufficient sample size. We also observed an almost twofold increased risk in the higher dose group (\>450 mg of fluconazole), consistent with the dose-response relation in animal models.[@ref7] [@ref36]

Since the announcement by the FDA, a few studies have reported signals on the teratogenicity of exposure to fluconazole at common therapeutic doses (eTable 1, studies 4-6).[@ref17] [@ref18] [@ref19] A Danish cohort study reported a threefold increased risk of tetralogy of Fallot based on seven affected infants who were exposed to fluconazole during the first trimester.[@ref17] In our study, the number of pregnancies exposed to fluconazole was five times greater, reducing the likelihood of a chance finding. With an active comparator group, adjusting for a broad range of confounding variables, and restricting the cohort to pregnancies with no exposure to other oral antifungal drugs during the baseline or first trimester, we reduced the potential for residual confounding. A case-control study reported a fivefold increased risk of oral clefts (six affected infants exposed to fluconazole during the first trimester)[@ref18]; however, limited control of confounding could have contributed to this finding. They also reported a sevenfold unadjusted increased risk for d-transposition of the great arteries (three affected infants exposed to fluconazole during the first trimester).[@ref18] We observed no increased risk compared with pregnancies not exposed to fluconazole, but a twofold increased risk versus exposure to topical azoles, which was likely a chance finding because of a lower than expected risk of the outcome in users of topical azoles. Another study reported an increased risk of cardiac septal closure anomalies identified based on one or more diagnosis codes for pregnancies exposed to a cumulative dose of more than 150 mg of fluconazole (13 affected infants exposed to fluconazole during the first trimester).[@ref19] In contrast, we did not see an increased risk for secundum atrial septal defect, atrioventricular septal defect, or ventricular septal defect across dose groups and a broad range of analyses with highly specific outcome definitions.

Strengths of the study
----------------------

Strengths of this study include the large sample size, which allowed us to examine the risk of rare malformations that have been suggested to be associated with fluconazole and specific dose groups; use of highly specific validated algorithms to define outcomes[@ref38]; use of pharmacy prescriptions to calculate exposure, avoiding recall bias; use of an active comparator group to reduce confounding by indication and other potential unmeasured confounders, and generate evidence more applicable to clinical decision making; and careful control for a broad range of potential confounding variables.

Limitations of the study
------------------------

Despite the large study size, the number of outcomes for the least common malformations was relatively low, particularly in the subgroup analyses. Also, we were not able to determine if the women consumed the dispensed drug. We therefore conducted sensitivity analyses requiring two or more prescription fills, which increased the likelihood that the drug was consumed. The results were consistent with those from the main analyses. Another limitation was potential residual confounding by unmeasured or poorly measured variables (eg, obesity or overweight) that could account for the increased risk. To deal with this concern, we conducted a negative control analysis. If we still observed an increased risk with the use of fluconazole after the etiologically relevant time window, it would be due to confounding rather than a true causal association. This analysis yielded no increased risk of musculoskeletal malformations, suggesting that the association with exposure in the first trimester was likely to be causal. Also, the cohort who were insured by Medicaid tended to be younger, racially diverse, and had a high burden of disabilities. These characteristics, however, are unlikely to affect the biological relations examined and so the results should be generalizable. Our cohort was restricted to live births and therefore severe cardiac malformations resulting in spontaneous abortions, stillbirths, or terminations of pregnancy for cardiac anomalies would be missed. Under the most extreme scenario, the increased risks of conotruncal malformations and oral clefts would be minimal, whereas the risk for musculoskeletal malformations would be slightly higher than the estimate in the primary analyses.

Conclusions
-----------

Oral fluconazole is the firstline treatment for vulvovaginal candidiasis and is commonly used in women of reproductive age, leading to prenatal exposure.[@ref1] [@ref2] [@ref3] [@ref30] The safe use of fluconazole during pregnancy has been controversial because of the conflicting reports of teratogenicity and the limited data on the low dose treatment for vulvovaginal candidiasis. Our study confirmed an increase in the risk of musculoskeletal malformations if fluconazole is used during the first trimester, and refuted large increased risks of conotruncal malformations, oral clefts, and other specific types of malformations, although the point estimate for conotruncal malformations was increased at higher doses (\>450 mg cumulative dose), corresponding to a small adjusted risk difference of no more than 34 incidents per 10 000 exposed pregnancies. Oral fluconazole during the first trimester, especially prolonged treatment at higher than commonly used doses, should be prescribed with caution, and topical azoles should be considered as an alternative treatment.

### What is already known on this topic

1.  Animal studies and case reports suggest a potential teratogenic effect associated with the use of high doses of fluconazole during pregnancy

2.  The malformations reported in case reports have a distinct phenotype, including femoral bowing, thin ribs, cleft palate, and abnormal craniofacial ossification

3.  A few controlled studies have examined the risk of congenital malformations associated with the use of fluconazole during the first trimester but findings are inconsistent

### What this study adds

1.  This large cohort study confirmed an increase in the risk of musculoskeletal malformations if oral fluconazole is used during the first trimester, and refuted large increased risks of conotruncal malformations, oral clefts, and other specific types of malformations

2.  A twofold increased risk of musculoskeletal malformations was identified in the highest cumulative dose group (\>450 mg of fluconazole) during the first trimester

3.  Oral fluconazole during the first trimester, especially prolonged treatment at higher than commonly used doses, should be prescribed with caution, and topical azoles should be considered as an alternative treatment
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